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Why polarize the Main Injector?

 Opportunity to continue the several-decade-
long, powerful Drell-Yan program at Fermilab
with control over an additional d.o.f: spin!

— Drell-Yan a “clean” process in hadronic
Interactions (electromagnetic final state)—
excellent probe for testing QCD predictions

In particular: Opportunity to test predicted color

Interactions in QCD via spin-momentum correlation
measurements!
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QCD spin-momentum correlations:
Transverse-momentum-dependent parton
distributions
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QCD spin-momentum correlations:
Transverse-momentum-dependent parton
distributions

Transverse-Momentum-Dependent
Distribution Functions

Mulders & Tangerman, NPB 461,

197 (1996)
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Transverse-momentum-dependent pdfs
provide theoretical framework to
describe spin-momentum correlations in
nucleon, but difficult to disentangle
contributions to inclusive hadron
asymmetries

—> Turn to simpler processes: semi-
inclusive deep-inelastic scattering and
Drell-Yan!
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Modified universality of T-odd
transverse-momentum-dependent distributions:
Color in action!

DIS: attractive final-state Drell-Yan: repulsive initial-state
interactions interactions
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Modified universality of T-odd
transverse-momentum-dependent distributions:
Color in action!

DIS: attractive final-state Drell-Yan: repulsive initial-state
interactions interactions

Crucial test of our understanding of QCD!
(NSAC Milestone HP13)

:
i Vol C. Aidala, DNP, October 26, 2012



Sivers measurements in SIDIS

HERMES: PRL 103, 152002 (2009) COMPASS: arXiv:1205.5122
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Sivers measurements in SIDIS

Fit to SIDIS data: quark densities in transverse momentum plane for
a proton polarized in the +y direction. Up and down quarks orbiting
In opposite directions??

Future measurements at JLab 12 GeV planned
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Sivers measurements 1n SIDIS

Comparable Drell-Yan measurements
needed!
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Polarized Drell-Yan at Fermilab Main Injector

 Polarize beam in Main Injector — Proposal submitted

to Fermilab management September 2011
arXiv:1110.3042

Recycler Ring (above MI)
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120 GeV/c Main Injector

Beamline CNI Polarimeter Fast Polarimeter

» Use SeaQuest dimuon spectrometer and target

— Approved for 2-3 years of running: 3.4 x 108 protons on target
— By 2015: fully understood, optimized for Drell-Yan, and ready to take pol. beam
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Facts and figures

120 GeV polarized proton beam on liquid hydrogen and deuterium
targets

Xpeam 0-3-0.9,  Xiarget 0-1-0.45

L~2.0x10%®cm?s?
— 10% available beam time—minimal impact on neutrino program
— Existing targets could handle 1.0 x 106 cm=2 st

70% polarization

Run for ~2 years, starting after SeaQuest completed (2015)

Could install all equipment in the two (already) scheduled 8-week
shutdowns in 2014 and 2015

Future polarized target could open up additional opportunities!
— Studying antiquarks 0.1<x<0.45 in a polarized nucleon
— Investigating double-spin asymmetries
— See talk by Kwanghbok Lee
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Sivers asymmetry predictions

Fermilab: p" p

FNAL

* Predictions from
120 GeV

Anselmino et al. based on

] polarized beam
fit to SIDIS data | Vs ~ 15 GeV
— Gray error bands " Hydrogen target
correspond to Ay2=20 0L 20 Gev
4.2<M<8.5 GeV
« Asymmetries expected to o
be Several % | Fermilab: p"d
.. FNAL
— Similar for H and D 150 Gy
(meagurlr_lg SIVEI’_S | polarized beam
function in polarized /\ Vs~ 15 GeV
proton beam, not In % /" (Unpolarized)
target) 7 Deuterium target
' E,=120 GeV
4.2<M<8.5 GeV
Anselmino et al. priv. comm. 2010
| Y |
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Experimental sensitivity to Sivers
asymmetry

Luminosity: L., = 2 X 103 (10% of available beam time: 1,,= 15 nA)
3.2 x 10*8 total protons (= 2 yrs at 50% efficiency) with P, = 70%

Anselmino et.al

Ay?=20 error band

FNAL pol D-Y stat errors
3.2x 1018 POT
~1,288k D-Y events
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Experimental sensitivity to Sivers
asymmetry

« Luminosity: L, = 2 X 10% (10% of available beam time: 1,,= 15 nA)
« 3.2 x10* total protons (= 2 yrs at 50% efficiency) with P, = 70%

Note:

— 2 4sinf,
AN _EATU

< 0.00 %{'#*}?{'# T

Measure not only sign, but also size and
maybe shape of Sivers function!

.
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Additional physics opportunities with
transverse polarization

Gri. o g | cos2o fhl.rﬁ]l.f,z

Orr o< @72y +cos2é ihi +cos20 hiphiy .

orr < firfir+girgir +c0820 hihy +cos20 hihiy +cos20 hihiy
Azimuthal dependence of Drell-Yan cross section in
terms of transverse-momentum-dependent distributions

Opportunities with longitudinal polarization —

See talk by Kwangbok Lee

.
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Additional physics opportunities with
transverse polarization

 Polarized beam - Valence quarks

 Polarized target = Sea quarks

— Sivers function for sea quarks 3
~unknown, but hints that it’s non-zero g

 Single spin: Transversity x Boer-
Mulders function

— Will learn more about Boer-Mulders
for sea quarks already from SeaQuest

HERMES: PRL 103, 152002 (2009)

 Polarized beam and target

— Transversity (valence) x Transversity
(sea)

 Sea quark transversity might be small
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Status

* Presented to Fermilab PAC June 2012, with
follow-up October 2012

 Cost estimate performed in close coordination
with Fermilab management earlier this year

—~$10.5M, including 50% contingency
 Currently in discussion with funding agencies
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summary

A

 Polarizing Main Injector at Fermilab a unique
opportunity to perform high-statistics polarized Drell-
Yan measurements for 0.35<x<0.85 as early as ~2015

« Use existing SeaQuest spectrometer and targets

* Would enable mapping out Sivers function at high x,
providing crucial data to compare sign, magnitude, and
perhaps shape to semi-inclusive DIS measurements,
testing predicted color interactions in QCD

 Addition of a polarized target would allow access to sea
quarks and double-spin measurements = See talk by K.
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Polarizina Main Iniector at Fermilab a uniaue

Parton dynamics within hadrons: a rich
area of QCD that we’re only just starting

to explore!
providing crucial data to compare sign, magnitude, and
New collaborators welcome!

. Addition of a polarized target would allow access to sea
quarks and double-spin measurements = See talk by K.

.
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Extra material

3
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Planned polarized Drell-Yan experiments
m

COMPASS
(CERN)

PAX
(GSI)

PANDA
(GSI)

NICA
(JINR)

PHENIX
(RHIC)

RHIC internal
target phase-1

RHIC internal
target phase-2

SeaQuest
(unpol.)
(FNAL)

pol. SeaQuest?
(FNAL)

160 GeV
\s = 17.4 GeV

collider
s = 14 GeV

15 GeV
\/s =5.5 GeV

collider
s = 20 GeV

collider
s = 500 GeV

250 GeV
\s = 22 GeV

250 GeV
\s = 22 GeV

120 GeV
s = 15 GeV

120 GeV
\s = 15 GeV

=0.2-0.3 2x1033 cm?st

=0.1-0.9 2x103% cm2st

=0.2-0.4 2x1032 cm2st

=0.1-0.8 1x103%cm2st

=0.05-0.1 2x1032cm2st?

=0.25-0.4 2x103 cm?2st?

X,=0.25-0.4 6x10%* cm?s?

=0.35-0.85 3.4x10%cm?s
1

=0.1-0.45

=0.35-0.85 1x103¢ cm2s?

2014

>2017

>2016

>2014

>2018

>2018

>2018

L ¥ 51=1x10%cm?s?(LH, tgt//m/ted)

L 2x 1035 cm 25 1(10% of MI beam limited)




Polarized Drell-Yan at Fermilab Malin

Injector

» Polarized Beam in Main Injector

MICHIGAN

ol Wl

use SeaQuest spectrometer
use SeaQuest target
* liquid H, target can take l,,= ~5 x 101 p/s (=80 nA)

1 mA at polarized source can deliver about I, = ~1 x 102 p/s (=150 nA)
for 100% of available beam time (A. Krisch: Spin@Fermi report in (Aug 2011): arXiv:1110.3042
[physics.acc-ph])

» 26 ps linac pulses, 15 Hz rep rate, 12 turn injection into booster, 6 booster pulses into Recycler Ring,
followed by 6 more pulses using slip stacking in Ml

* 1 Mlpulse=19x10%%p

+ using three 2-s cycles (1.33-s ramp time, 0.67-s slow extraction) /min (=10% of beam time):
— 2.8 x 102 p/s (=450 nA) instantaneous beam current , and 1, = ~0.95 x 10! p/s (=15 nA)

Scenarios:

« L=2.0x10%/cm?/s (10% of available beam time: I, = 15 nA)

« L=1x10%/cm?s  (50% of available beam time: I, = 75 nA)
X-range:

* X,=0.35-0.85 (valence quarks) X; = 0.1 — 0.35 (sea quarks)

Systematic uncertainty in beam polarization measurement AP, /P, <5%

C. Aidala, DNP, October 26, 2012
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Complementarity of Drell-Yan and DIS

Drell-Yan

e scous
® HI P87 prefiminary-|
m HINSTep
— NIO(CDFir 4

McGaughey,

Moss, JCP,
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i
e
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[
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Both Drell-Yan and deep-inelastic scattering are tools to
probe the quark and antiquark structure of hadrons!
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A (relatively) recent surprise from p+p, p+d
collisions

* Fermilab Experiment 866
used proton-hydrogen and
proton-deuterium collisions
to probe nucleon structure via
the Drell-Yan process

q+q > 4 +u
* Anti-up/anti-down difference o ES6nS:
- . . 866/NuSea
In the quark sea, with an mEowas
unexpected x behavior! 5 E - MRST - MRS

: : . 195 - GRVO8
° Indlcate_s “prlmf)rdlal S€a | 5}-':t¢111e1tic Uncertainty
quarks, in addition to those S R I A T R
dynamlca”y generated by 0 005 01 015 02 025 03 035

gluon splitting!

PRD64, 052002 (2001)
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A (relatively) recent surprise from p+p, p+d
collisions

* Fermilab Experiment 866
used proton-hydrogen and
proton-deuterium collisions
to probe nucleon structure via
the Drell- Yan process

* Antr' e+p DIS and have let us continue to find surprises
I In the rich linear momentum structure of the

une:
e Indi proton, even aiter > 40 yearsl

quarks, In addition to those B CA T P T A A
dynamlca_lly generated by 0005 01 015 02 025 03 035
gluon splitting!

PRD64, 052002 (2001)
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Dilepton palr production

= Measured cross section 1s a convolution of
beam and target parton distributions

H .

d=a dra- \ " o o
F - ) . # t i L I-."I t b Ld |}:|

rllll'ffl!-rl-'l t A I Uy :"1 i

giequad, .0}

] | i [_.r'|.']-|r. la )
= u-quark dominance )

— (2/3)2 vs. (1/3)2

= Next-to-leading order diagrams complicate the
picture and must be considered

= These diagrams are responsible for up to 50%
of the measured cross section

= Intrinsic transverse momentum of quarks

(although a small effect, .. = 0.8)

= Soft gluon resummation at all orders

MICHIGAN
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Probing spin-momentum correlations in the nucleon:
Measuring transverse-momentum-dependent
distributions

Sivers

angle of hadron
(f - f ) relative to initial
\) .
quark spin

Angular dependences in semi-inclusive DIS
—>I1solation of the various TMD distribution

and fragmentation functions

.
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Fermilab E906/SeaQuest:
A dedicated fixed-target Drell-Yan experiment

* PhySICS programs Drell-Yan Spectrometer for E-906 d"\
— Nucleon structure T
— Cold nuclear matter o A\ rber £
...;-.'.*.", III".I 'I.'d__ﬁf__x.p g _____;‘:, "'-:.____.______ :g
« 120 GeV/c proton v aron |\ \Meee fag | suions :
“F ar AN — ~ 'Ila

beam from Fermilab
Main Injector

* Liquid hydrogen and
deuterium, nuclear
(C, Ca, W) targets

« Commissioning to
start in December,
data-taking through
~2015

Station 4
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E906/SeaQuest: Probing high-x antiquarks

d?o B Ao E

(0,00, 06) + 6,03, )]

dx,dx, 9xX, S

e E-906
Drell-Yan
(Proposed)

B E-366
NuSea

& NAS]

— MRES512
CTEQ4m

Viain Tnjector (E800. eV
— Reach hlgherxvalues

— Also improved statistics: D-Y cross
section ~1/s

Talk by Chiranjib Dutta, JC7 (Friday)
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survive K
integration

Sivers
Function

K. - dependent, T-even

Boer-Mulders
Function

MICHIGAN
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